Microbial communities within the human oral cavity are dynamic associations of more than 500 bacterial species that form biofilms on the soft and hard tissues of the mouth. Understanding the development and spatial organization of oral biofilms has been facilitated by the use of in vitro models. We used a salivaconditioned flow cell, with saliva as the sole nutritional source, as a model to examine the development of multispecies biofilm communities from an inoculum containing the coaggregation partners Streptococcus gordonii, Actinomyces naeslundii, Veillonella atypica, and Fusobacterium nucleatum. Biofilms inoculated with individual species in a sequential order were compared with biofilms inoculated with coaggregates of the four species. Our results indicated that flow cells inoculated sequentially produced biofilms with larger biovolumes compared to those biofilms inoculated with coaggregates. Individual-species biovolumes within the four-species communities also differed between the two modes of inoculation. Fluorescence in situ hybridization with genusand species-specific probes revealed that the majority of cells in both sequentially and coaggregate-inoculated biofilms were S. gordonii, regardless of the inoculation order. However, the representation of A. naeslundii and V. atypica was significantly higher in biofilms inoculated with coaggregates compared to sequentially inoculated biofilms. Thus, these results indicate that the development of multispecies biofilm communities is influenced by coaggregations preformed in planktonic phase. Coaggregating bacteria such as certain streptococci are especially adapted to primary colonization of saliva-conditioned surfaces independent of the mode of inoculation and order of addition in the multispecies inoculum. Preformed coaggregations favor other bacterial strains and may facilitate symbiotic relationships.
Within the human oral cavity, complex interactions of bacteria result in the formation on enamel surfaces of multispecies biofilms known as dental plaque. Dental plaque is comprised of more than 500 species of bacteria (17, 26, 31) , more than half of which are not yet cultivated (31) . By forming microbial biofilms, oral bacteria overcome many of the challenges associated with retention in the oral cavity, such as high salivary flow and low-nutrient conditions.
Critical to the formation and development of oral biofilms is cell-to-cell communication (15) . Mechanisms by which bacteria have been shown to communicate in oral biofilms include physical interactions (35) , genetic exchange (18) , and diffusible signals (1, 24) . Two forms of physical interactions thought to play an important role in biofilm formation are coaggregation and coadhesion (2, 5, 6, 9) . Coaggregation is the cell-cell recognition between genetically distinct bacteria in a planktonic suspension (12) , whereas coadhesion refers to the recognition between a planktonic cell and a surface-attached cell (3) . Coaggregation and coadhesion are mediated by the same kinds of cell-cell interactions (5, 35) . Although coaggregation and coadhesion interactions are highly specific between pairs of bacterial partners, these interactions are widespread among oral bacteria and have been observed among all bacteria isolated from the oral cavity (13) as well as between certain oral bacteria and Candida albicans (11) . These two binding interactions also occur among microbes isolated from the mammalian gut, human urogenital track, activated sludge, and freshwater ecosystems (21, 22, 32) . Coaggregation and coadhesion are thought to contribute to biofilm formation by fostering mutualistic interactions between juxtaposed cells (29) and by providing more diverse attachment sites for planktonic bacteria to adhere to the developing biofilm surface (15, 33) .
To understand the spatial organization and development of oral biofilms it is useful to examine the succession of organisms in the growing biofilm. These temporal changes to the biofilm occur via the attachment and growth of different bacterial species to the substratum. Previous studies of bacterial successions using culture-dependent techniques postulated that additions to the bacterial population on the tooth surface occur in a sequential order (19, 27, 28) . These studies documented that in the first 4 h after professional cleaning 60 to 90% of the primary colonizers of the tooth surface are streptococci (28) . Other early colonizers of the tooth surface include Actinomyces spp., Capnocytophaga spp., Haemophilus spp., and Veillonella spp. (19, 27, 28) . Once the nascent tooth surface is colonized, biofilm accretion continues by the adhesion of late colonizers such as Fusobacterium nucleatum, Treponema spp., Tannerella forsythensis (formerly Bacteroides forsythus), and Porphyromonas gingivalis (26, 34) .
With more than 500 species known from the human oral cavity, in vitro models have been employed to simplify these complex associations. One such model, the flow cell, facilitates the in situ examination of undisturbed biofilm communities. In this study, saliva-conditioned flow cells with saliva as the sole nutrient were used to determine whether differences in biofilm architecture and composition occurred in flow cells that were inoculated either sequentially with individual species or simultaneously with coaggregates of mixed species. To determine the biofilm composition, fluorescence in situ hybridization (FISH) was used to examine the mixed-species communities in the flow cells without disruption of the growing biofilm.
Four bacterial species were chosen as the inocula for the mixed-species biofilms; three of these species have been identified as primary colonizers of the tooth surface. These early colonizers include the facultative anaerobes Streptococcus gordonii, Actinomyces naeslundii, and Veillonella atypica. The fourth species used in this study, F. nucleatum, an obligate anaerobe, is one of the most abundant gram-negative bacteria in subgingival oral biofilms (26) . F. nucleatum is capable of coaggregating with all known oral isolates (16) and has been shown to associate clinically with late-colonizing pathogenic bacteria (34) . Together, these four species exemplify a wide range of metabolic and physiological characteristics that serve to represent a diverse array of oral bacteria.
We investigated these strains to test the hypothesis that order of inoculation as well as preformed coaggregations may alter the outcome of community species diversity following growth on saliva in our in vitro biofilm model. In this study, we provide evidence that flow cells inoculated sequentially produce larger biofilm volumes overall than flow cells inoculated with coaggregates of mixed species. In addition, we demonstrate that preformed coaggregations alter the species representation by an apparent symbiosis within the biofilm community. Extrapolating to conditions in vivo in developing dental plaque biofilms, we propose that coaggregations preformed in saliva could have profound effects on the architecture and community composition of growing dental biofilms.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The coaggregating partners A. naeslundii T14V, F. nucleatum PK1594, S. gordonii DL1, and V. atypica PK1910 were used as inocula (16) for the formation of multispecies biofilms. A. naeslundii was grown in Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.). F. nucleatum was grown in brain heart infusion (Difco Laboratories) broth supplemented with 0.25% L-glutamic acid. S. gordonii was grown in brain heart infusion broth and V. atypica was grown in Schaedler (Difco Laboratories) broth supplemented with 0.1 M sodium lactate. All species were grown overnight in a Bactron anaerobic environmental chamber (N 2 -CO 2 -H 2 , 90:5:5; Sheldon Manufacturing Inc., Cornelius, Oreg.) at 37°C. Overnight bacterial cultures were harvested by centrifugation and washed twice with 25% sterile human saliva. The cell density was normalized to 2.5 ϫ 10 5 cells per ml of 25% saliva as determined by spectrophotometric measurement at A 600 and by direct cell counts with a PetroffHausser cell counter.
Flow cell preparation. Two flow tracks (each track was 40 mm long, 3 mm wide, and 2 mm deep) were milled into a high-density polyethylene block, resulting in two chambers each with a 240-l volume. A glass coverslip, which serves as the attachment site for the growing biofilm, was secured to the reusable flow cells with a silicone adhesive. The flow cells were cleaned overnight with 0.1 M HCl and rinsed with 5 ml of distilled water. To disinfect the flow cells, bleach was injected into the flow cells and allowed to incubate for 2 h, followed by continuous rinsing with sterile distilled water for 5 min using a peristaltic pump. The flow cells were then treated with 25% sterile human saliva for 15 min at 34°C to condition the glass surface with salivary components.
Saliva preparation. Stimulated saliva was collected from at least six healthy individuals, pooled, and treated with 2.5 mM dithiothreitol for 10 min to reduce salivary protein aggregation. The saliva was then centrifuged and processed as previously described (8, 29) . Briefly, the supernatant was diluted with distilled water to produce 25% saliva and then was filtered through a 0.22-m-pore-size SFCA low-protein-binding filter (Nalge Nunc International, Rochester, N.Y.) and stored at Ϫ20°C. Prior to use, saliva was thawed and centrifuged to remove any precipitate that resulted from freezing and thawing.
Biofilm growth conditions. Flow cells were inoculated with the four bacterial strains either independently in a sequential order or mixed together as a coaggregate. In sequentially inoculated flow cells, the flow cells were injected four times each with 500 l of 25% saliva containing 1.25 ϫ 10 5 cells of a single strain. The flow cells were inverted and the cells were allowed 15 min to adhere to the glass surface in the absence of flow. Between each injection, the flow cells were washed for 15 min by pumping sterile saliva through the flow cell. Unless otherwise indicated, the order in which the bacteria were added to the flow cells was as follows: S. gordonii, A. naeslundii, V. atypica, and F. nucleatum. All flow cells were maintained in an aerobic incubator at 34°C.
To inoculate flow cells with coaggregates of mixed species, 1.25 ϫ 10 5 cells of each strain were added to 500 l of 25% saliva and vortexed for 15 s (see Fig. 1 ). The resulting mixture was then injected into the flow cell. The flow cell was inverted for 15 min and maintained statically without flow. The flow cell was then washed for 15 min by pumping saliva though the flow cell. After washing, 25% saliva was pumped through the flow cells for either 1 or 14 h at a rate of 200 l per min (7) . Each experimental condition was independently repeated in triplicate. Saliva was used as the sole nutrient source for all flow cell experiments.
Biofilm staining. The resulting biofilms were labeled with either (i) a 5 M solution of the general nucleic acid stain Syto 59 (red fluorescence) (Molecular Probes, Eugene, Oreg.), (ii) a LIVE/DEAD viability kit containing a solution of 1.67 M Syto 9 (green fluorescence) and 10 M propidium iodide (red fluorescence) (Molecular Probes), or (iii) by FISH (for conditions see below). After staining, all biofilms were examined in situ through the glass coverslip with a Leica (Exton, Pa.) TCS-SP2 confocal laser scanning microscope.
Oligonucleotide probe design and synthesis. Oligonucleotide probes used in this study were designed to target the 16S rRNA and are listed in Table 1 . The probes used in this study were either generated as previously described (30) or developed by using the probe design function of the ARB program (www.arb -home.de). To ensure probe specificity, probe JF201, designed to target A. naeslundii, was tested and demonstrated not to hybridize to a closely related species (Actinomyces denticolens ATCC 43322) that contained one mismatch. Probe JF3 matched only F. nucleatum subspecies nucleatum, vincentii, and animalis. The closest match for probe JF3 that was not a strain of F. nucleatum contained four mismatches and was isolated from a hydrothermal vent community. Probe analyses were conducted using the Probe Match subroutine of the ARB program in conjunction with the Ribosomal Database Project (20) . All probes were synthesized and 5Ј-end-labeled (QIAGEN, Alameda, Calif.) for fluorescence with either fluorescein isothiocyanate or Cy3 (Amersham Life Sciences, Piscataway, N.J.).
FISH. To identify S. gordonii and A. naeslundii within the biofilm, flow cells were injected with 100% ethanol for 15 min at 34°C. For the identification of V. atypica and F. nucleatum, biofilms were fixed with 4% paraformaldehyde in phosphate-buffered saline (1.7 mM KH 2 PO 4 -5 mM Na 2 HPO 4 with 0.15 M sodium chloride, pH 7.2) for 12 h at 4°C. After fixation, all biofilms were washed with phosphate-buffered saline and then exposed to a solution containing 10 mg of lysozyme per ml of 0.1 M Tris-HCl-0.05 M EDTA, pH 7.2, for 30 min at room temperature in order to permeabilize cells. After permeabilization, biofilms were dehydrated with a series of ethanol washes containing 50, 80, and 95% ethanol for 3 min each rinse. Biofilms were then incubated with 40 ng of oligonucleotide probe per l of hybridization buffer (0.9 M NaCl, 0.1 M Tris-HCl [pH 7.2], 20% formamide [vol/vol], 1% blocking reagent [wt/vol; Roche, Indianapolis, Ind.], 0.0005% sodium dodecyl sulfate [wt/vol]). Biofilms exposed to probes E72 or JF201 were incubated at 46°C for 12 h, whereas biofilms labeled with JF3 or E79 were incubated at 46°C for 4 h. Following probe hybridization, biofilms were washed for 15 min using a peristaltic pump at a rate of 200 l/min with a wash buffer containing 0.1 M Tris-HCl (pH 7.2), 0.18 M NaCl, 0.05 M EDTA, and 0.005% sodium dodecyl sulfate (wt/vol). After washing, the labeled biofilms were counterstained for 5 min with a general nucleic acid stain solution containing either 1.67 M Syto 9 or 5 M Syto 59 (Molecular Probes). Biofilms were then washed for 10 min with wash buffer and examined through the glass coverslip with confocal laser scanning microscopy.
Image and statistical analyses. To quantify the biomass of the oral biofilms, the total fluorescent staining of confocal micrographs was analyzed using the image analysis program Imaris 3.3.2 (Bitplane AG, Zürich, Switzerland). The Imaris program calculates the biofilm volumes (biovolumes) from stacks of two-channel (red and green) images by measuring voxel intensities. Fluorescence intensity thresholds were set manually for red and green pixels, and a voxel size of 0.6 m was used for the x, y, and z directions. The resulting biovolumes from the red and green fluorescence channels were then analyzed for statistical significance. At least eight micrographs were analyzed for each experimental group, and the mean and standard deviation were calculated for each group. Either one-way analysis of variance (ANOVA) or two-sample t tests were used to determine whether significant differences existed between different experimental groups. To determine which means were statistically different from each other in the ANOVA test a nonparametric Tukey's pairwise comparison test was also used. All tests were conducted at the 95% confidence level.
RESULTS
Probe specificity. Mixed-species planktonic cultures of S. gordonii, A. naeslundii, V. atypica, and F. nucleatum were examined with FISH using genus-and species-specific oligonucleotide probes (Fig. 1) . Each of the four species, S. gordonii (Fig. 1A) , A. naeslundii (Fig. 1B) , V. atypica (Fig. 1C) , and F. nucleatum (Fig. 1D) were positively identified within the mixed community with low nonspecific binding of the other three species. Fluorescent labeling also revealed that all four species were able to coaggregate with the other members of the community.
Growth of oral bacteria in the flow cell. Prior to examining the growth of four-species biofilms, it was first necessary to determine whether each species was capable of independent biofilm growth in flow cells using saliva as the sole nutrient source. S. gordonii, A. naeslundii, V. atypica, and F. nucleatum monocultures were each incubated within flow cells for 1 and 14 h (Fig. 2) . At 1 h the amount of cell attachment to the substratum was determined by fluorescent staining of the bacterial cells within each flow cell track. These results demonstrated that all four species attached to the saliva-conditioned flow cell within 1 h ( Fig. 2A to D) . Biofilms incubated for 14 h (Fig. 2E to H) showed statistically significant growth in only one of the four species, S. gordonii. The biovolume for each species was calculated after 1 and 14 h of salivary flow (Fig. 2I) . Only S. gordonii demonstrated a statistically significant increase (P Ͻ 0.05) in biovolumes over the 14 h incubation. To determine whether the cells within the flow cells were viable after 14 h, cells were stained with the LIVE/DEAD viability stain, a fluorescent marker of membrane integrity. LIVE/ DEAD staining revealed that most cells (Ͼ90%) in monospecies biofilms containing S. gordonii, A. naeslundii, or V. atypica appeared to have no membrane damage at 1 or 14 h (data not shown). In mono-species biofilms containing F. nu- Sequentially or coaggregate-inoculated flow cells. Biofilms inoculated sequentially with the four species were compared to those inoculated with coaggregates of the same four species. This comparison revealed inoculation-specific differences in the morphology and biovolumes of the mixed-species biofilms (Fig. 3) . In flow cells inoculated with S. gordonii, A. naeslundii, V. atypica, and F. nucleatum in sequential order an extensive biofilm was visible after 1 h that covered much of the flow cell substratum (Fig. 3A) and increased in biovolume by 14 h (Fig.  3B) . The four species are known to coaggregate strongly pairwise with each other (16) , and they also formed multispecies coaggregates of various sizes (see Fig. 1 ). Flow cells inoculated simultaneously with coaggregated S. gordonii, A. naeslundii, V. atypica, and F. nucleatum also formed biofilms; however, areas of exposed substratum were visible after 1 h (Fig. 3C) . By 14 h postinoculation with coaggregates of mixed species, spaces were still visible throughout the biofilm (Fig. 3D) . The biofilm volumes are graphically represented in Fig. 3E . Statistical comparisons revealed that biovolumes were significantly larger at 14 h than at 1 h in sequentially inoculated biofilms (P Ͻ 0.0007) as well as in coaggregate-inoculated biofilms (P Ͻ 0.041). Significant differences were also observed when the total biovolumes of 1 and 14 h sequentially and coaggregateinoculated biofilms were compared. Sequentially inoculated biofilms had significantly larger biovolumes than biofilms inoculated with coaggregates at 1 h (P Ͻ 0.002) and 14 h (P Ͻ 0.002).
To examine whether additional adherence time would increase the biovolumes of coaggregate-inoculated biofilms, coaggregates were inoculated into flow cells and allowed to adhere to the saliva-conditioned substratum for 15, 30, and 60 min; washed; and incubated for 1 h with 25% sterile saliva. The resulting biovolumes were statistically compared using ANOVA and revealed no significant difference between the different incubation times (data not shown). These results demonstrate that increasing the time of initial adherence of coaggregates up to 60 min does not produce larger biovolumes.
Order of S. gordonii in sequentially inoculated biofilms. To determine whether the order of species in sequentially inoculated flow cells contributed to biofilm development, biofilms inoculated in different orders with S. gordonii, A. naeslundii, V. atypica, and F. nucleatum were compared. S. gordonii was inoculated into the flow cell either first, second, third, or fourth, while the addition of three other species was not varied (i.e., A. naeslundii, V. atypica, and F. nucleatum). After inoculation of all four species, the biofilms were incubated with flowing saliva for 1 h then processed for FISH with a Streptococcus-specific probe to determine the amount of S. gordonii present within the mixed-species communities. S. gordonii appeared evenly distributed throughout the biofilm and most S. gordonii cells were associated with other members of the mixed-species community (data not shown). The total and S. gordonii biovolumes for each combination were calculated, and the results indicated that regardless of inoculation order, neither the total nor the S. gordonii biovolumes were significantly different from each other (data not shown). These data indicate that S. gordonii grows independently of the other three species and that it is the major contributing cell type in sequentially inoculated biofilms.
Biofilm species composition. To examine the relative amounts of each species within the mixed-species communities, biofilms were grown for 1 and 14 h and examined by FISH using oligonucleotide probes. Biofilms inoculated sequentially were compared with those biofilms inoculated with coaggregates to determine whether differences in species composition occurred. In both sequentially and coaggregate-inoculated biofilms FISH revealed that the majority of the cells comprising 1-and 14-h biofilms were S. gordonii (Fig. 4A to D) . Image analysis of the four-species biofilms indicated that S. gordonii ranged from 57 to 73% of the total biovolume of the fourspecies community at 1 and 14 h (Fig. 4E) . As the biofilm grew, differences were detected in the S. gordonii biovolumes of sequentially and coaggregate-inoculated biofilms (Fig. 4E) . S. gordonii biovolumes in sequentially inoculated biofilms were statistically higher than biofilms inoculated with coaggregates at both 1 h (P Ͻ 0.032) and 14 h (P Ͻ 0.007). Despite this difference, the S. gordonii biovolumes of both sequentially and coaggregate-inoculated biofilms remained constant over time with respect to the total biofilm indicating that the abundance of S. gordonii appeared to remain proportional to the total biovolume of the community (Fig. 4E) .
In biofilms hybridized with a species-specific probe for A. naeslundii, the biovolumes of A. naeslundii ranged from 8 to 28% of the total biofilm (Fig. 5) . At 1 h, microcolonies of A. naeslundii were visibly small (approximately 5 m diameter), and some, but not all, were associated with other species (Fig.  5A and C) . At 14 h, the size of the A. naeslundii microcolonies increased (approximately 20 m diameter), and all were visibly associated with other species in both sequentially and coaggregate-inoculated biofilms (Fig. 5B and D) . Biovolumes calculated from confocal micrographs indicated that at 14 h, A. naeslundii accounted for between 8 (sequential) and 21% (coaggregate) of the total biovolume (Fig. 5E) . Although sequentially inoculated biofilms contained a greater total biomass than biofilms inoculated with coaggregates (P Ͻ 0.031), A. naeslundii biovolumes were not statistically different between the two modes of inoculation at 1 h. At 14 h, there was no increase in A. naeslundii biovolumes in sequentially inoculated biofilms despite the increase in the total biovolume (P Ͻ 0.022). In contrast, at 14 h in coaggregate-inoculated biofilms there was a statistically significant increase in both the A. naeslundii biovolume (P Ͻ 0.010) and the total biovolume (P Ͻ 0.001). These results suggest that although the total biomass of biofilms was lower in coaggregate-inoculated biofilms compared to sequentially inoculated biofilms, A. naeslundii grew only when associated with mixed-species coaggregates during inoculation.
Biofilms hybridized with the Veillonella-specific probe revealed that V. atypica comprised between 5 to 12% of the total biovolume of the mixed-species community (Fig. 6) . In sequentially inoculated biofilms, microcolonies of V. atypica were distributed throughout the biofilms at 1 h (Fig. 6A) , and by 14 h the mixed-species community covered most of the flow cell substratum (Fig. 6B) . In flow cells inoculated with coaggregates of the four species, V. atypica was visible throughout the biofilm at 1 and 14 h (Fig. 6C and D) . As with A. naeslundii, by 14 h all V. atypica cells appeared to associate with other members of the mixed species community (Fig. 6D) . Biovolumes of the total mixed-species community as well as V. atypica were calculated for each biofilm and compared (Fig. 6E) . In sequentially inoculated biofilms, despite a statistically significant increase in the total biovolume of the community from 1 to 14 h (P Ͻ 0.003), there was no change in the biovolume of V. atypica. In coaggregate-inoculated biofilms, however, a significant increase was detected in both the total (P Ͻ 0.002) and V. atypica (P Ͻ 0.004) biovolumes between 1 and 14 h. As with A. naeslundii, the growth of V. atypica increased after 14 h only in coaggregate-inoculated biofilms despite an overall lower total biomass compared to sequentially inoculated biofilms.
In mixed-species communities hybridized with an F. nucleatum-specific probe, F. nucleatum ranged from 3 to 11% of the total population (Fig. 7) . As with the other four strains examined, F. nucleatum appeared evenly distributed throughout the biofilm and often associated with other species (Fig. 7A to D) . Total and F. nucleatum biovolumes are graphically represented in Fig. 7E . Although a statistical difference was observed between the total biovolumes of sequentially and coaggregateinoculated flow cells at 1 h (P Ͻ 0.002) and 14 h (P Ͻ 0.002), there was no statistical difference in the F. nucleatum biovolume between coaggregate-and sequentially inoculated biofilms at 1 h (P Ͻ 0.24) and 14 h (P Ͻ 0.082). By 14 h, however, the biovolumes of F. nucleatum had significantly decreased in both coaggregate-(P Ͻ 0.005) and sequentially (P Ͻ 0.03) inoculated biofilms.
DISCUSSION
The aim of this study was to examine the mechanisms of early oral biofilm formation using two modes of inoculation of a four-species community of oral bacteria under flowing conditions with saliva as the sole nutrient source. The results of this study provide evidence that (i) biofilms inoculated in a sequential order have higher total biovolumes than coaggregate-inoculated biofilms; (ii) monocultures of the four species all had the capacity to bind to the saliva-conditioned substra- tum independently, but only S. gordonii exhibited significant growth after 14 h; (iii) the major component of the mixedspecies biofilms in both sequentially and coaggregate-inoculated biofilms was S. gordonii; and (iv) growth of A. naeslundii and V. atypica only occurred in coaggregate-inoculated biofilms and appeared as mixed-species clusters.
The comparison of mixed-species biofilms revealed that flow cells inoculated in a sequential order produced significantly more biomass than flow cells inoculated with coaggregates. Possible explanations for these differences include (i) an extended incubation time for sequentially inoculated biofilms due to the additional wash periods between inoculations, (ii) reduced adhesion of coaggregates to the substratum compared to the total collective adhesion of the four individual species, (iii) variations in the growth of each organism as a coaggregate compared to individual species, or (iv) selection of coadhesion partner and adherence site favors growth compared to growth in preformed coaggregates.
Although the same number of cells was inoculated under both experimental conditions, sequentially inoculated biofilms required an additional 60 min for rinsing. However, when biofilms incubated with coaggregates for 15 min were compared with coaggregate-inoculated biofilms incubated for an additional 60 min, no statistical difference was detected indicating that incubation time was not the cause of the larger biovolumes in sequentially inoculated biofilms. The results of these experiments do suggest, however, that coaggregates of multiple species were not able to bind as efficiently to the flow cell surface compared to the collective total coadhesion of individual species. This result was unexpected considering the additional binding possibilities potentially exhibited by four species collectively versus a single species.
In another model system consisting of saliva-conditioned hydroxyapatite disks and a five-membered oral bacterial biofilm consortium (10), growth was observed for actinomyces, fusobacteria, streptococci, and veillonellae over a period of 64 h. A mixture of equal amounts of saliva and a modified tryptone-yeast-extract-based fluid universal medium (mFUM) was the growth medium with either glucose or glucose plus sucrose as additional carbon sources. The hydroxyapatite disks were placed in sterile microtiter wells with mFUM under an anaerobic atmosphere. All five strains adhered strongly to the saliva-conditioned surface. While interspecies associations were observed at later stages of biofilm formation, the authors interpreted their data to strongly suggest that most of the increase in bacterial numbers was a result of bacterial growth and not coadhesion (10) . The presence of glucose and sucrose to mFUM and saliva gives the five-membered consortium significant added nutrient; is known to support the growth of streptococci, actinomyces, and fusobacteria; and is in clear contrast to unamended saliva used in our experiments. The hydroxyapatite model is an excellent model system that offers an opportunity to study the roles of coadhesion and growth of oral bacteria.
In our study, examination of the growth of each bacterial species as monocultures as well as in sequentially and coaggregate-inoculated biofilms also revealed differences in overall biofilm development. Each species bound to the saliva-conditioned flow cell substratum. As monocultures, only S. gordonii significantly grew within the first 14 h: A. naeslundii, V. atypica, and F. nucleatum were unable to grow independently. Additional time beyond 14 h may have been required for monocultures of A. naeslundii, V. atypica, and F. nucleatum to demonstrate significant growth.
In mixed-species communities, however, differences in the growth of all the organisms were detected by 14 h. Examination with FISH revealed that S. gordonii in sequentially inoculated biofilms grew as well as S. gordonii monocultures. In coaggregate-inoculated flow cells the biovolumes of S. gordonii were significantly lower than with mixed-species biofilms inoculated sequentially or with monocultures of S. gordonii. Nevertheless, significant growth of S. gordonii in coaggregate-inoculated biofilms did occur between 1 and 14 h. Thus, S. gordonii is well adapted to growth independently or with coaggregation partners in flowing saliva.
In addition, these results suggest that the ability of S. gordonii to bind to the flow cell surface is lower when added to the flow cell as a coaggregate. The streptococci may be sequestered within the multigeneric coaggregates and, thus, less available for binding to the saliva-conditioned substratum. Previous studies examining the coaggregating partners Streptococcus oralis C104 (formerly named S. sanguis) and Prevotella loescheii PK1295 (formerly named Bacteroides loescheii) demonstrated that by forming coaggregates of S. oralis in the presence of a 10-fold excess of P. loescheii, dual-species rosettes were produced (14) . S. oralis was effectively sequestered within the rosettes and unable to attach to its coaggregation partners; however, the rosettes formed large coaggregates with partners of P. loescheii (14) . In the present study a coaggregate-inoculated biofilm may contain S. gordonii cells that are partially sequestered by surrounding coaggregating partners. Given that S. gordonii is the major binding species of the four examined here (57 to 73% of the total biovolume bound [ Fig. 4] ), sequestering this species, even partially within coaggregates, would have the result of reduced binding to the conditioning film of the flow cell.
These comparisons confirmed that S. gordonii accounted for the majority of the cells in the multispecies biofilm at both 1 and 14 h. In previous studies similar results were obtained using culture-dependent methods (19, 27, 28) . In those studies, the authors utilized tooth scraping to remove dental plaque and plated the sonically dispersed plaque to estimate that 60 to 90% of the total cell counts were streptococci. In the present study using FISH S. gordonii, regardless of the order of inoculation or mode of inoculation, constituted between 57 and 73% of the total biovolume, indicating that S. gordonii is especially adapted to growth in saliva with or without other members of the oral bacterial community.
The growth of S. gordonii in mixed-species biofilms contrasted the growth of A. naeslundii and V. atypica. While neither of the latter two species grew significantly in monocultures or in sequentially inoculated biofilms even after 14 h of incubation, growth of A. naeslundii and V. atypica was detected in coaggregate-inoculated biofilms. These two species form mixed-species clusters, which may have contributed to their growth when inoculated as coaggregates. Several studies have demonstrated that symbiotic associations among oral bacteria have fostered the growth of one or both of the bacterial partners. For example, A. naeslundii has also been shown to form a mutualistic association with S. oralis 34 in biofilms, but A. naeslundii does not significantly grow in the absence of the streptococcus (29) . Further, in vitro studies of veillonellae have demonstrated that veillonellae ferment short-chain organic acids, in particular lactate, excreted by streptococci and actinomyces (25) . It has also been previously shown that in vivo, larger populations of veillonellae develop in cocultures with those streptococci that are coaggregating partners (23) . These results suggest that for some oral bacteria, coaggregation may be an important strategy for retention and increased species diversity in the flow cell despite the lower overall growth of the total biofilm.
Although evidence for growth was detected in all three of the earlier colonizers, no growth was detected for the late colonizer, F. nucleatum. In fact a significant decrease in the biovolumes of F. nucleatum was observed in both sequentially and coaggregate-inoculated biofilms. The results of the LIVE/ DEAD vitality staining indicated that even after 14 h in the flow cell more than 90% of the F. nucleatum cells were viable. Previous in vivo studies have shown that F. nucleatum was not prominent in dental plaque until early colonizers such as Streptococcus, Actinomyces, and Veillonella had colonized the tooth surface (34) . The higher biovolumes of F. nucleatum at 1 h could be the result of the ability of F. nucleatum to coaggregate with all three of the other species. However, as the total biovolume of early colonizers increased during the 14 h incubation period, F. nucleatum failed to grow. In two other in vitro multispecies non-flow cell model systems, F. nucleatum, as part of consortia with different species composition than used here and different media supplemented with carbohydrate, became a dominant member of the multispecies communities after several days incubation (4, 10) . Perhaps an anaerobic atmosphere or other environmental conditions, longer incubation times, or additional species within the flow cell used here would be needed to detect significant growth of the obligate anaerobe F. nucleatum in the mixed-species community with saliva as the sole source of nutrient.
Together these results indicate that although larger biofilm biomass can be obtained through the sequential addition of oral bacteria to the biofilm, the relative amounts of certain species can increase through the formation of planktonically preformed coaggregates. Coaggregates may enable the proper spatial location of different species and facilitate the opportunity to form essential partnerships within the growing biofilms, thus influencing the overall development of the complex microbial community.
